Development and differentiation of the vertebrate caudal midbrain and anterior hindbrain are dependent on the isthmic organizer signals at the midbrain/hindbrain boundary (MHB). The future MHB forms at the boundary between the Otx2 and Gbx2 expression domains. Recent studies in mice and chick suggested that the apposition of Otx2-and Gbx2-expressing cells is instrumental for the positioning and early induction of the MHB genetic cascade. We show that Otx2 and Gbx2 perform different roles in this process. We find that ectopically expressed Otx2 on its own can induce a substantial part of the MHB genetic network, namely En2, Wnt1, Pax-2, Fgf8 and Gbx2, in a concentration-dependent manner. This induction does not require protein synthesis and ends during neurulation. In contrast, Gbx2 is a negative regulator of Otx2 and the MHB genes. Based on the temporal patterns of expression of the genes involved, we propose that Otx2 might be the early inducer of the isthmic organizer genetic network while Gbx2 restricts Otx2 expression along the anterior-posterior axis and establishes an Otx2 gradient. q
Introduction
Anterior-posterior patterning of the vertebrate neural tube involves the careful orchestrated action of many genes. At early stages, a primary anteroposterior pattern is set by the inductive signals provided by the anterior visceral endoderm (reviewed in Beddington and Robertson, 1998) and the mesendoderm (Ang et al., 1994; Ang and Rossant, 1993) . Later, local signaling centers in the neuroepithelium refine this basic pattern. The development of the caudal midbrain, the anterior hindbrain and the cerebellum is dependent on the isthmic organizer, the signaling center situated at the midbrain/hindbrain boundary (MHB; reviewed in Alvarado-Mallart, 1993; Wassef and Joyner, 1997) . Transplantation and grafting experiments have demonstrated the organizer function of the MHB. When grafted to locations within the prosencephalon or the rhombencephalon, the MHB triggers the development of either an ectopic midbrain or cerebellum, respectively (Bally-Cuif et al., 1992; Bally-Cuif and Wassef, 1994; Gardner and Barald, 1991; Itasaki et al., 1991; Marin and Puelles, 1994; Martinez et al., 1991) .
Studies in mouse and zebrafish have revealed some of the genes required for the development of the isthmic organizer (reviewed in Wassef and Joyner, 1997) . Among them are genes encoding transcription factors such as En1 and En2 (reviewed in Joyner, 1996; Millen et al., 1994; Wurst et al., 1994) , Pax2 (Brand et al., 1996; Favor et al., 1996; Torres et al., 1996) , Pax5 (Urbanek et al., 1994) , Otx1 and Otx2 (Acampora et al., 1997; Ang et al., 1996) , Gbx2 (Wassarman et al., 1997) and secreted factors such as Wnt1 (McMahon et al., 1992) and Fgf8 (Meyers et al., 1998; Reifers et al., 1998) .
Knockout studies in mice and mutation analysis in zebrafish have shown that Wnt1, Pax2 and Fgf8 are activated independently of one another at the end of gastrulation but later, during neurulation, they become reciprocally dependent (Brand et al., 1996; Favor et al., 1996; McMahon et al., 1992; Reifers et al., 1998) . Based on these results, it has been proposed that the process of the MHB formation is divided into two stages (Reifers et al., 1998) : the establishment stage, when activation of Wnt1, Pax2 and Fgf8 takes place, and the maintenance stage, when these genes, along with additional MHB-specific genes, become interdepen-dent by establishing a cross-regulatory network. Recently, significant progress has been achieved in understanding the maintenance stage of the MHB (Lun and Brand, 1998; Meyers et al., 1998; Reifers et al., 1998) , while the establishment stage remains less well characterized and the nature of the genetic interactions within it are poorly understood (Ang and Rossant, 1993; Garda et al., 2001; HemmatiBrivanlou et al., 1990; Martinez et al., 1999; Miyagawa et al., 1996) .
Studies in mice have suggested that the boundary between Otx2 and Gbx2 expression regions defines the rostrocaudal position of the MHB organizer (Broccoli et al., 1999; Millet et al., 1999) . In transgenic mice, ectopic Gbx2 leads to a transient anterior shift of both the caudal boundary of Otx2 expression and MHB-specific markers (Millet et al., 1999) . Conversely, a posterior shift in Otx2 expression results in a caudal shift of the Gbx2 anterior boundary of expression and induces changes in the histological and molecular characteristics of the MHB (Broccoli et al., 1999) . Similar results were obtained in zebrafish, with localized ectopic expression of Otx2 and Gbx2 (Katahira et al., 2000) .
The early onset of Otx2 and Gbx2 expression and the spatial restriction of their expression domains support the suggestion that they may function in the establishment of the MHB organizer. Formation of the organizer at the boundary between the Otx2 and Gbx2 expression domains seems to be in agreement with Meinhardt's model, the main prediction of which being that supernumerary organizers can develop whenever "a new juxtaposition between the required cell types is experimentally induced" (Meinhardt, 1983) .
In order to test whether the apposition of Otx2 and Gbx2 by itself can trigger the initiation of the MHB genetic cascade and the formation of supernumerary isthmic organizers, we created an ectopic boundary between Otx2 and Gbx2 expression domains. Surprisingly, we found that the ectopic expression of Otx2 alone, in a dose-dependent manner, could induce the expression of many of the components of the MHB genetic cascade, namely Wnt1, Pax2, En2, Fgf8 and Gbx2. The addition of a neighboring Gbx2 domain had no effect in this activation. We discuss the possible implications of this finding in the process of vertebrate head formation.
Results

Otx2 can activate En2 expression along the dorsal midline
One of the current models for the establishment of the MHB predicts that the apposition of Otx2 and Gbx2 expression domains causes the formation of an isthmic organizer (Hidalgo-Sanchez et al., 1999b; Irving and Mason, 1999) . To test this model an artificial boundary between cells expressing Otx2 and Gbx2 was experimentally set up along the dorsal midline of the Xenopus embryo. To create this situation we took advantage of the fact that the first cleavage splits the Xenopus embryo along the anteriorposterior axis, with one of the cells representing the embryo's right side and the other its left. Therefore, twocell stage Xenopus embryos were injected with Otx2 RNA into one cell and Xgbx2a, a Xenopus Gbx2 homologue (Tour et al., 2001; von Bubnoff et al., 1996) , into the other. As a result, a new ectopic boundary between Otx2 and Xgbx2a along the dorsal midline of the embryo was formed (Fig. 1) . To minimize the detrimental effects of early overexpression of these genes, dexamethasone (dex) inducible proteins were used which allow us to control the timing of Otx2 and Xgbx2a ectopic activity (glucocorticoid receptor (GR); Gammill and Sive, 1997; Kolm and Sive, 1995) . RNA injections were aimed at the animal region of the two-cell embryo, thus targeting the mRNA mainly to ectodermal cells. In all experiments, LacZ mRNA was coinjected with one of the RNAs being studied as a lineage tracer, thus marking the site of overexpression. The embryos injected with the inducible versions of Otx2 or Xgbx2a, E. Tour et al. / Mechanisms of Development 110 (2002) 3-13 4 Fig. 1 . Establishing an artificial boundary between Xgbx2a and Otx2 -experimental design. Xenopus embryos were injected at the two-cell stage with Otx2/GR RNA in one cell and Gbx2/GR mRNA in the other. This injection scheme establishes a novel boundary between Otx2 and Gbx2 expression domains along the dorsal midline of the embryo.
Otx2/GR and Xgbx2a/GR, respectively, were exposed to dex from early/midgastrula (stage 10.5), harvested by the end of neurulation (stage 18) and analyzed for En2 expression.
During neurulation, expression of the homeobox gene En2 is confined to a transverse stripe in the MHB region ( Fig. 2A ) (Hemmati-Brivanlou et al., 1991) . Embryos injected with Otx2/GR on one side and Xgbx2a/GR on the other showed broad ectopic expression of En2 extending along the A/P embryonic axis (Fig. 2C, arrowheads) . Ectopic En2 expression always localized to the Otx2/GRinjected side. On the Xgbx2a/GR-injected side, expression of the endogenous En2 was repressed (Fig. 2C) . However, in control embryos, injection of Otx2/GR alone activated ectopic En2 expression along the A/P axis (Fig. 2D , arrowheads). Injection of Xgbx2a/GR RNA alone inhibited the endogenous En2 expression on the injected side (Fig. 2B) . These results show that Otx2 on its own is able to activate En2 expression. En2 ectopic expression was observed at high frequency in embryos injected unilaterally with Otx2 mRNA (45%, n ¼ 323). The ectopic activation of En2 was also extensive, in some cases reaching the posterior end of the embryo (Fig. 2C,D, arrowheads) . Activation was observed not only along the dorsal midline, but also in lateral regions (Fig. 2E, arrows) .
To rule out an effect of Xgbx2a on the activation of En2 by Otx2, we used Xgbx2a antisense RNA to induce partial loss of Xgbx2a activity (Steinbeisser et al., 1995; Tour et al., unpublished data) . Injection of Xgbx2a antisense RNA had little effect on En2 expression on the Otx2-injected side (Fig. 2F) , whether co-injected with Otx2 or injected contralaterally (Fig. 2G,H) . Under similar conditions, antisense Xgbx2a RNA caused expansion of the Otx2 expression domain and enlargement of the cement gland (data not shown).
The effect of Otx2 on En2 expression is dose-dependent
In the experiments described, ectopic En2 expression did not overlap with the lineage tracer, but was always observed at the edge of the domain of the injected Otx2 RNA (Fig.  2D ,E,G). In embryos where the Otx2 mRNA co-localized Fig. 2 . Otx2 induces broad ectopic expression of En2, while Xgbx2a inhibits it. Embryos were injected unilaterally with RNA encoding Xgbx2a/GR, Otx2/GR or both, according to the scheme in Fig. 1 . In all cases, LacZ RNA was co-injected with one of the RNAs to positively determine the mRNA injected in each side. The hormone-inducible proteins were activated at stage 11. Embryos were harvested at stage 18 and processed for double in situ hybridization with En2 (magenta) and LacZ probes (turquoise). The injection scheme based on with the endogenous domain of En2 transcription, the En2 endogenous expression was inhibited. In many instances a novel displaced rostral domain was observed reminiscent of the endogenous expression (Fig. 2D ,G,H). These observations suggested that the ability of Otx2 to induce En2 expression is concentration-dependent, whereas low concentrations of Otx2 induce ectopic En2 transcription, and high concentrations of Otx2 inhibit it. To test this hypothesis, we injected increasing amounts of Otx2/GR RNA, ranging from 50 to 1920 pg (the embryos shown in Fig. 2 were injected with 1200 pg of Otx2/GR RNA). The percentage of embryos showing either ectopic activation of En2 or inhibition of the endogenous En2 stripe at each amount was determined ( Table 1 ). The lowest RNA amount injected (50 pg) gave the highest ectopic activation response (88%), which decreased as the amount of the injected Otx2/ GR RNA increased (33% at 1920 pg). Also, low Otx2/GR amounts (50-400 pg) induced widespread En2 activation, while high Otx2/GR amounts (800-1920 pg) induced a more restricted and weak ectopic expression of En2 (data not shown). Inhibition of the endogenous expression of En2 at the normal MHB position was higher with increasing amounts of injected Otx2/GR RNA (0% inhibition for 50 pg compared to 57% for 1920 pg).
Additional genes of the MHB genetic cascade are activated by Otx2
To test whether Otx2 can activate additional MHB-specific genes, the expression patterns of Wnt1, Pax2, Fgf8 and Xgbx2a were studied in embryos unilaterally injected with Otx2/GR mRNA at the two-cell stage and treated with dex at stage 11. At the end of neurulation (stage 19/20), Wnt1 is normally expressed as a transverse stripe across the posterior midbrain and as a longitudinal stripe along the midline in the midbrain and hindbrain posterior to rhombomere 2 ( Fig. 3A ) (Christian et al., 1991) . In the Otx2/GR-injected half of the embryo, ectopic Wnt1 expression was strongly activated in the neural tube in an uninterrupted line from the MHB to posterior regions of the embryo, also closing the normally observed gap between rhombomeres 1 and 2 (Fig. 3B ). This ectopic Wnt1 expression co-localized with the injected Otx2 RNA as seen by the overlap with the lineage tracer staining.
At stage 23, Pax2 RNA is normally detected as a transverse band across the MHB and in the otic vesicles ( Fig. 3C ) (Heller and Brandli, 1997) . Ectopic activation of Pax2 expression by Otx2/GR was evident on the injected side ( Fig. 3D) , mostly confined to anterior regions. Overlap between the injected RNA and the normal expression domain of Pax2 at the MHB caused local inhibition of Pax2 expression and a generalized distortion in its overall pattern (Fig.  3D ). Histological analysis revealed that ectopic Pax2 expres- sion is localized to an abnormally big mass of neural tissue that extends laterally from the hindbrain (data not shown). At stage 15/16, Xgbx2a expression is detected as a bilaterally symmetrical transverse stripe at the anterior hindbrain and in the anterior lateral epidermis (Fig. 3E ). In the Otx2/ GR-injected side of the embryo, a strong perturbation of the normal pattern was observed. Xgbx2a expression in the MHB was inhibited when Otx2 RNA co-localized with the normal domains of Xgbx2a expression, while Xgbx2a expression was ectopically activated on the dorsal part of the embryo (Fig. 3F) . Thus, the effect of Otx2 on Xgbx2a expression is probably concentration-dependent, similar to the Otx2 effect on En2.
In the Xenopus embryo, Fgf8 is weakly expressed at the MHB during late neurula stages (Christen and Slack, 1997) . At stage 23, Fgf8 is expressed as a transverse stripe across the MHB (Fig. 3G) . Unilateral overexpression of Otx2 results in abnormal Fgf8 expression extending caudally (Fig. 3H) , while no change in expression levels was observed. These results show that Otx2 is capable of inducing ectopic expression of En2, Wnt1, Pax-2, Fgf8 and Xgbx2a, all normally associated with the formation and function of the MHB.
In order to assay the effect of Xgbx2a overexpression on other genes of the MHB genetic cascade, Xgbx2a/GR mRNA, along with a lineage tracer, was injected on one side of the embryo's animal cap. The chimeric protein was activated at stage 11 and the expression patterns of Otx2, Wnt1, Fgf8 and Pax2 were assayed at late neurula stages (stage 19/20). Similar to its effect on En2, the endogenous expression of all these genes was inhibited in the Xgbx2a/GR-injected half of the embryos, and ectopic activation of these genes was never observed (data not shown).
Otx2 is a direct activator of the MHB genes
The transcription factor Otx2 can activate En2, Wnt1, Pax2 and Xgbx2a expression either directly by binding to their regulatory sequences, or indirectly by switching on their transcriptional activators or preventing the expression of their transcriptional repressor(s). Otx2 has been recently identified primarily as a transcriptional activator (Isaacs et al., 1999) . The hormone-inducible form of Otx2 (Gammill and Sive, 1997) enabled us to address this question by using it together with the protein synthesis inhibitor, cycloheximide (chx). Activation of Otx2/GR in the absence of protein synthesis will create a situation where only a direct effect of Otx2 on its target genes can be detected.
Embryos injected unilaterally with Otx2/GR were incubated to stage 12 (late gastrulation), when chx was added to the medium, and 30 min later the Otx2/GR protein was activated by the addition of dex. The embryos were allowed to develop for an additional 2.5 h and the expression of Wnt1, Pax2, En2 and Xgbx2a was studied. Control embryos were injected with Otx2/GR RNA, but not exposed to either dex or chx (Fig. 4A,E,I ).
Wild-type expression of Wnt1 at this stage is confined to two transverse stripes across the future MHB region and was normal in the absence of dex (Fig. 4A) . In contrast, embryos exposed to dex for 2.5 h showed broad ectopic expression of Wnt1 on the injected side (Fig. 4B) . Inhibition of protein synthesis in some of the embryos eliminated Wnt1 endogenous expression at the future MHB (Fig. 4C) , and slightly delayed embryonic development (Fig. 4) . However, broad ectopic expression of Wnt1 was observed on the injected side of embryos that were incubated with both dex and chx (Fig. 4D) . This phenomenon was not observed in embryos that were incubated with chx alone (Fig. 4C) . These results suggest a direct regulatory effect of Otx2 on Wnt1 expression.
In normal embryos, the expression of Xgbx2a at stage 15 is detected both in the central nervous system and in dorsolateral epidermis, with an anterior boundary at the level of the future MHB (Fig. 4E) . Incubation of Otx2/GR-injected embryos with dex alone led to inhibition of Xgbx2a in regions that coincided with the injected RNA, and extensive ectopic activation at the edges of the injected region (Fig.  4F) . Inhibition of protein synthesis resulted in increased levels of Xgbx2a transcripts (Fig. 4G) , apparently caused by lack of synthesis of an as yet unknown inhibitor. However, in embryos treated with chx and dex, we observed an expansion of Xgbx2a expression to the posterior end of the embryo on the injected side, ending in the slit blastopore (Fig. 4H) . In the non-injected side of the same embryos, or in embryos incubated with chx alone, Xgbx2a expression did not extend to the posterior end (Fig. 4G,H) . These results suggest that regulation of Xgbx2a by Otx2 does not require the synthesis of intermediary gene products.
Normal expression of Pax2 at stage 15 is confined to a transverse stripe crossing the MHB in each side of the embryo (Fig. 4I) . Incubation of Otx2/GR-injected embryos with dex led to a posterior extension of the Pax2-expressing domain (Fig. 4J) . Incubation with dex in the absence of protein synthesis resulted in inhibition of Pax2 MHB expression, and weak posterior ectopic activation on the injected side (Fig. 4L) . The ectopic activation or inhibition of Pax2 was not observed in embryos incubated with chx alone (Fig. 4K) . These results suggest that also Pax2 is under direct Otx2 regulation. The En2 response to Otx2 overexpression could not be assayed under these conditions because its expression was completely lost as a result of inhibition of protein synthesis (data not shown).
These results suggest that Wnt1, Xgbx2a and Pax2 are directly regulated by Otx2, as no requirement for the synthesis of an intermediary protein was observed. In the case of Wnt1 only positive direct regulation (activation) was observed. In the case of Xgbx2a and Pax2, Otx2 apparently serves both as a positive and as a negative direct regulator.
Temporal competence of the ectoderm to respond to the Otx2 signal
In order to determine at which stages of embryonic devel-opment Otx2 can activate the MHB genes, we took advantage of the inducible properties of the GR proteins and performed a temporal analysis of En2 activation by Otx2. We injected one side of the embryo with Otx2/GR with or without Xgbx2a/GR RNA injection on the contralateral side, and activated these proteins with dex either at stage 10.5 (gastrula) or at stage 15 (neurula). The embryos were harvested at stage 18 and En2 expression was determined by in situ hybridization (Fig. 5) . At stage 10.5, Otx2/GR by itself was able to ectopically activate En2 expression (Fig.  5C ). By stage 15 the capacity of Otx2 to activate En2 significantly decreased as compared to stage 10.5 (Fig. 5C,D) . In addition, ectopic En2 activation at stage 15 was restricted to the neural tube and was not observed in dorsolateral regions of the embryo as seen earlier (Fig. 5C,D) . Injection of Xgbx2a on the contralateral side had no effect on the temporal competence of the ectoderm to respond to the Otx2 signal (Fig. 5D,F) . Xgbx2a/GR inhibited the endogenous En2 expression at both stages 10.5 and 15 (Fig. 5A,B) , but the percentage of the affected embryos decreased from 81% (n ¼ 37) at stage 10.5 to 27% (n ¼ 26) at stage 15. These results suggest that activation of MHB-specific genes by Otx2 occurs during gastrula and not neurula, as part of the early establishment of the isthmic organizer.
Discussion
Otx2 is an early activator of the MHB genetic cascade
Genetic studies in mice have demonstrated a strong correlation between the position of the Otx2/Gbx2 expression boundary and the subsequent placement of the MHB organizer (Broccoli et al., 1999; Millet et al., 1999) . These studies suggested that the apposition of Otx2-and Gbx2-expressing cells is instrumental in the localization and triggering of MHB formation (reviewed in Rhinn and Brand, 2001; Simeone, 2000) . Here we present results that suggest that Otx2 and Gbx2 perform different roles in MHB formation: while Otx2 on its own can activate a substantial part of the MHB genetic cascade, Gbx2 apparently plays a role in restricting and defining the Otx2 expression domain along the anterior-posterior axis.
We induced an ectopic Otx2/Xgbx2a boundary along the dorsal midline of the embryo by injecting Otx2/GR into one cell and Xgbx2a/GR into the other, at the two-cell stage, in order to test whether an ectopic MHB would arise and whether activation of the isthmic genetic network would take place. These experiments show that while Gbx2 expression is not required for activating MHB genes, ectopic overexpression of Otx2 is sufficient to induce extensive ectopic transcription of En2, Wnt1, Xgbx2a and Pax2, genes that are necessary for the formation of the isthmic organizer (Favor et al., 1996; McMahon et al., 1992; Millen et al., 1994; Wassarman et al., 1997) . The induced ectopic expression of MHB genes was observed mainly in dorsal neuroectodermal cells throughout most of the anterior-posterior axis. These results show that as long as the responding tissue exhibits the right competence, overexpression of Otx2 can induce part of the MHB genetic cascade. Therefore, limiting the isthmic organizer genetic network to the MHB relies on the restriction of an early activator(s) of the pathway, which our results suggest might be Otx2.
Ectopic activation of the MHB-specific genes was observed sometimes in posterior and lateral regions of the embryo, which normally do not express these genes, suggesting that these cells are competent to express these genes but lack their activator(s). The competence of the posterior lateral ectoderm to express engrailed proteins has been reported in mice, following recombination of ectoderm with anterior mesendoderm (Ang and Rossant, 1993) . In addition, histological analysis of the Pax2 ectopic expression showed that it localizes to an abnormally large mass of neural tissue that extends laterally from the hindbrain neuroectoderm (data not shown). The lateral expansion of the neural tissue can be partially explained by the fact that Otx2 itself can promote the differentiation of neural tissue, as was previously shown by induction of the neural marker N-CAM (Blitz and Cho, 1995; Gammill and Sive, 2000) .
Ectopic Xgbx2a, either alone or in the presence of ectopic Otx2 on the contralateral side of the embryo, inhibited the transcription of MHB-specific genes. Experimental manipulation of Xgbx2a levels had no effect on the activation of MHB-specific genes by Otx2. Using an inducible Xgbx2a protein, Otx2 has been identified as a target of this repressor homeodomain protein during gastrulation (Tour et al., unpublished data) . These observations suggest that while Otx2 can perform the initial activation of a number of MHB-specific genes and perhaps trigger the isthmic organizer genetic network, Xgbx2a functions in the positioning of the organizer by spatially controlling the expression of Otx2.
Taking advantage of the inducible version of Otx2 we analyzed the mode of activation of the MHB genes, testing whether this effect is direct or via intermediary proteins. Experiments with the Otx/GR fusion protein show that Otx2 is a direct activator of Wnt1 and Xgbx2a. This observation agrees with previously reported results where it was shown that the expression of Wnt1 is dependent on the expression of Otx2 in a cell-autonomous fashion (Rhinn et al., 1999) . Also, Otx2/GR was capable of inducing weak Pax2 activation in the presence of protein synthesis inhibitors. The regulation of En2 by Otx2 could not be studied as inhibition of protein synthesis completely blocked endogenous and ectopic expression of this gene, suggesting that synthesis of a short lived co-activator might be required in both instances. In Drosophila, the expression of engrailed and wingless is lost in head segments of orthodenticle (otd) mutant embryos. It has been suggested that these segment polarity genes are in fact direct targets of the head gap gene otd (Finkelstein and Perrimon, 1991) . On the other hand, it was shown in mice that Otx2 is required for En2 transcription in a non-cell-autonomous manner, suggesting also the existence of a secreted factor that mediates part of the Otx2 signal (Rhinn et al., 1999) . Regarding Pax2 the situation is less clear, but even in this case Otx2 can activate weak expression in the presence of protein synthesis inhibitors.
Cross-regulatory interactions between genes of the MHB genetic cascade have been elucidated (Crossley et al., 1996; Ristoratore et al., 1999) . Usually, these interactions have been described during post-gastrula stages, suggesting their importance for the maintenance of the isthmic organizer (Lun and Brand, 1998; Meyers et al., 1998; Reifers et al., 1998) . Also, these interactions were identified in mutant embryos or in grafting experiments. The ability of the Otx2-inducible protein to activate MHB-specific genes in the presence of protein synthesis inhibitors is a test of the direct role of this gene in the activation of the isthmic organizer genetic cascade, and is in agreement with recent findings describing this protein as a transcriptional activator (Isaacs et al., 1999) . Taken together, these results support the hypothesis that Otx2 functions as an activator of the MHB genetic cascade.
Concentration-dependent activation of MHB-specific genes by Otx2
The induced En2 ectopic expression always localized to the edges of the Otx2-injected region. In addition, when the injected RNA localized to the endogenous domain of En2 MHB-specific expression, it down-regulated or modified (displaced) its expression. These observations suggested that regulation of En2 transcription by Otx2 might be dosage-dependent. This suggestion was confirmed by injecting different concentrations of Otx2 RNA and analyzing En2 expression. Low amounts of Otx2 RNA induced En2 expression more efficiently, while higher amounts of injected Otx2 RNA down-regulated En2 expression in a larger fraction of embryos. These observations agree with results reported in mice where a decrease in Otx genetic dosage resulted in a significant expansion of the En2 expression domain (Acampora et al., 1998) . Analysis of additional MHB-specific genes revealed that while Wnt1 ectopic activation co-localized with the injected Otx2/GR RNA, ectopic activation of Xgbx2a was observed only at the edges of the Otx2/GR-expressing domain. For both En2 and Xgbx2a, colocalization of the injected Otx2 RNA and their endogenous expression domain resulted in inhibition of their transcription. From these observations we propose that Wnt1 is activated by relatively high concentrations of Otx2, while En2 and Xgbx2a are inhibited by high Otx2 concentrations and activated by lower doses.
The ability of Otx2 to act through different thresholds was first demonstrated in Drosophila, where it was shown that different levels of otd, the Drosophila analog of Otx2, are required for the development of different head sub-domains (Royet and Finkelstein, 1995) . Xenopus Otx2 was also shown to act in a dosage-dependent manner: high doses of injected Otx2 induced a strong activation of the general neural marker N-CAM and low levels induced the activation of cement gland markers XCG-1 and XAG-1 in animal caps. N-CAM activation rapidly declined at lower doses of Otx2, while expression of cement gland markers concomitantly increased (Gammill and Sive, 2000) . Similar results were reported when the Otx gene dosage was altered in mice, where it was shown that Otx1 2/2 ;Otx2 1/2 embryos exhibit an anterior shift of both MHB markers and morphological structures, suggesting that the mesencephalic identity, which probably requires the highest concentrations of Otx2, was lost (Acampora et al., 1997) .
The role of Xgbx2a in the MHB organizer formation
Ectopic overexpression of Xgbx2a inhibits the expression of MHB-specific genes like En2, Pax2 and Wnt1. Otx2 is also inhibited in Xgbx2a overexpressing embryos (Tour et al., unpublished data) . In mice, ectopic anterior expression of Gbx2 under a Wnt1 regulatory sequence has been reported to cause an anterior shift of the caudal border of Otx2 expression (Millet et al., 1999) . Conversely, in the absence of Gbx2 expression, the Otx2 caudal boundary is shifted posteriorly (Wassarman et al., 1997) . In both cases, a respective shift of MHB markers was observed. In our study, however, the effect of the ectopic Xgbx2a on the MHB-specific genes was inhibition rather than misplacement. Moreover, the normal expression patterns of Pax2 and En2 partially overlap with the expression domain of Gbx2 (Hidalgo-Sanchez et al., 1999a) , arguing against Gbx2 functioning as their negative regulator in vivo. This apparent discrepancy could be explained by high concentrations of ectopic Xgbx2a bringing about the repression of Otx2 expression and not its misplacement. This result is in agreement with Xgbx2a acting primarily as a transcriptional repressor at the early developmental stages (Tour et al., unpublished data) . Xgbx2a expression can be detected in Xenopus embryos from early/midgastrula soon after Otx2 expression (von Bubnoff et al., 1996) . Taken together, these results suggest that Xgbx2a might not function in the actual activation of MHB-specific gene expression, but rather in the positioning of the Otx2 expression domain and that Xgbx2a is needed to properly place and sharpen the posterior boundary of Otx2 expression (Simeone, 2000) .
The beginning of the MHB organizer genetic cascade
Our data show that ectopically expressed Otx2 partially mimics the activity of a yet unidentified factor responsible for the activation of the MHB genetic cascade. There is accumulated evidence for the importance of Otx2 in the formation of the MHB. First, Otx2 is the earliest known gene that marks the future MHB region from early gastrulation onwards (Blitz and Cho, 1995; Millet et al., 1996; Pannese et al., 1995) . Second, Otx2 homozygous mutants, and in certain genetic backgrounds also heterozygous mice, not only lack forebrain and midbrain regions but also miss the first three rhombomeres (Acampora et al., 1995; Ang et al., 1996; Matsuo et al., 1995) . The loss of these three rhombomeres, where Otx2 is not expressed, indicates that the MHB organizer activity is lost in those embryos. Consistent with this notion, expression of Wnt1 and En2 is lost in Otx2 homozygous mutants (Ang et al., 1996; Matsuo et al., 1995) . Another line of evidence for the importance of Otx2 in MHB induction is that any shift in the caudal border of Otx2 causes a corresponding shift in the placement of the MHB (Broccoli et al., 1999; Millet et al., 1999) . However, Otx2 might not be the only source for the activation of the MHB genetic cascade. Gbx2 and Pax2 were ectopically activated in Otx2 2/2 embryos, arguing that Otx2 is necessary for the restriction of their expression domains (Acampora et al., 1998) . In agreement with these observations, our data show that at high doses, Otx2 can act as a direct repressor of both Xgbx2a and Pax2. The dual activity of Otx2 as a transcription factor has been recently documented during gastrulation (Isaacs et al., 1999) .
Several MHB-specific genes, such as Fgf8 and En2, are capable of ectopically activating the MHB genetic cascade (Crossley et al., 1996; Ristoratore et al., 1999) . However, taking into account the relatively late onset of both En2 and Fgf8 expression, this capability probably reflects the positive cross-regulatory interactions that exist between the members of the cascade during the MHB maintenance stage (Joyner et al., 2000; Rhinn and Brand, 2001) .
Finally, Wnt1 is under direct regulation of Otx2, while En2, Xgbx2a and Pax2 are both positively and negatively regulated in response to low and high concentrations of Otx2, respectively. We therefore propose that by acting in a concentration-dependent manner both as an activator and a repressor of MHB-specific genes, Otx2 is required for setting up their proper expression patterns. Temporal analysis of the capacity of Otx2 to activate En2 showed that this activity is maximal during gastrulation and it is almost absent during neurulation. This observation suggests that part of the establishment of the MHB, as well as activation of the isthmic organizer genetic network, might be performed by Otx2 during gastrula and not during neurula.
Otx2 also regulates its own regulator, Gbx2, apparently restricting its expression to the hindbrain region, by repressing it at high doses and up-regulating its expression at low doses, at the site of the future MHB. Gbx2 in turn, acting as a transcriptional repressor, serves to restrict and sharpen the posterior boundary of Otx2 expression. Temporal analysis of the interactions between these two genes has revealed that they take place also during gastrula (data not shown), again suggesting that early regulatory interactions important for the establishment of the MHB take place during the gastrulation process.
Experimental procedures
Preparation and treatment of embryos
Adult Xenopus laevis individuals were purchased from Xenopus 1 (USA). Embryos obtained following in vitro fertilization and dejellying were incubated in 0.1 £ modified Barth's solution. Activation of proteins fused to the hormone binding domain of the GR (Kolm and Sive, 1995) was performed by adding dexamethasone (Sigma) to the incubation medium to a final concentration of 4 mg/ ml. Protein synthesis inhibition in the embryo was achieved by adding cycloheximide (Sigma) to a final concentration of 10 mg/ml and incubating for up to 3 h before terminating the experiment. Under these conditions about 95% of protein synthesis is inhibited.
RNA probes and capped RNA
Probes for in situ hybridization were prepared from: pBSXgbx2a for Xgbx2a (Tour et al., 2001) , pXOT30 for Otx2 (Smith et al., 1993) , p33-En2 for En2 (Hemmati-Brivanlou et al., 1991) , pBS4A.3 for Pax2 (Heller and Brandli, 1997) , and CS2XeFGF8 for Fgf8 (Christen and Slack, 1997) and for Wnt1 (Wolda et al., 1993) . RNA for injection of Xenopus embryos was prepared by in vitro transcription using the RiboMax kit (Promega). Cap analog (Pharmacia) was added to the reaction mixture using a ratio of cap/GTP of 5:1. The template for transcription of Xgbx2a sense mRNA was generated from pSP64T-Xgbx2a by linearization with BamHI and transcription with SP6 RNA polymerase. Xgbx2a antisense RNAs was prepared from pSP64T-antisXgbx2a. Otx2 sense RNA was prepared as previously described (Epstein et al., 1997) . Otx2/GR RNA was generated from Xotx2-GR-SacI and Xotx2-GR-StuI constructs, kindly provided by Hazel Sive (Gammill and Sive, 1997; Kolm and Sive, 1995) .
Whole-mount in situ hybridization and lineage tracing
Whole-mount in situ hybridization analysis of gene expression was performed as previously described (Epstein et al., 1997) . Digoxigenin and fluorescein labeled RNA probes were prepared from linearized plasmids transcribed in vitro using the RiboMax transcription kit (Promega) and the Dig and Fluorescein RNA labeling mixtures (Roche).
b-Galactosidase activity was used for lineage tracing. LacZ RNA was prepared from the pSP6nucbGal plasmid (Picard and Yamamoto, 1987) and co-injected with the experimental RNA. Embryos were stained for LacZ transcripts or b-galactosidase activity as described (Marom et al., 1997) .
